A fundamental challenge in biology is to understand how morphologies and complex patterns form in multicellular systems by the collective organization of many cells. Cells divide and undergo apoptosis, and they communicate via signaling pathways that use molecules as information carriers. In tissues, large-scale patterns of gene expression emerge from the coordinated signaling activity and response of many cells. The establishment of such patterns is often guided by long-range concentration profiles of morphogens. Cell divisions and cell rearrangements must be coordinated over large distances to achieve specific tissue sizes and shapes. To unravel how molecular processes and interactions can eventually be responsible for the formation of structures and patterns in tissues during development, it is important to study processes at different scales and understand how different levels of organization are connected. Such an approach becomes strongest if it involves a combination of quantitative experimental studies with theory.
In the present article, we discuss several such approaches on different scales with a particular emphasis on theory. Starting from the kinetic and dynamic properties of endosomal networks inside a cell, we discuss transport processes in a tissue that can be related to kinetic trafficking parameters. Such transport processes are then responsible for the formation of graded morphogen concentration profiles. To permit scalable patterns in tissues of different sizes, it has been suggested that morphogen gradients scale during growth. This can be achieved on the tissue level by feedback systems that are sensitive to tissue size and regulate, for example, morphogen degradation. Finally, morphogen gradients that scale with tissue size can provide a system to robustly organize cell division in a large tissue and generate homogeneous growth. Theory can play an important role to bridge scales and understand how molecular and cellular processes can control pattern formation and tissue growth on larger scales.
Morphogens are signaling molecules that are secreted in specific regions of developing tissues and can induce signaling activity far from their source. They typically form graded concentration profiles and therefore endow cells with positional information (cells can obtain information about their position in a tissue). Thus, they can guide cells to differentiate into complex morphological patterns. Morphogens also control cell growth and cell division. Because they control both patterning and growth, they may play a key role to coordinate these two processes. Such coordination is important because the size of morphological patterns must adjust during growth, whereas growth influences such patterns. A well-studied morphogen is Decapentaplegic (Dpp), which controls morphogenesis in the imaginal wing disc of developing Drosophila. Consequently, mutations in Dpp or defects in the trafficking pathways that control its graded concentration profiles and signaling affect the formation and structure of the adult wing.
The study of morphogens was traditionally approached from a genetic perspective: Which gene products behave like morphogens? Which mutants affect patterning and growth? The realization that morphogens typically operate by a gradient of concentration raised the question of how morphogen gradients are generated. It became clear that the cellular trafficking of morphogens is a key issue for the generation of morphogen profiles. Morphogens are secreted ligands that bind receptors in the plasma membrane. The secretion of the ligands and the concentrations of receptor, ligand, and receptor/ ligand complex at the plasma membrane are governed by their trafficking in the cell by vesicular transport. In particular, it was shown that trafficking through the endocytic pathway has an important impact on the formation of morphogen gradients (reviewed in Gonzalez-Gaitan 2003; see Bökel and Brand 2014) . This is, to a large extent, how the cells respond to morphogens and contribute to set their local concentrations. To understand functions of morphogens in a tissue, we need to study how the gradient is formed. This, in turn, requires insights into morphogen trafficking through the endocytic pathway. The problem of morphogen behavior, therefore, becomes a problem spanning several levels of complexity: the organ level, the tissue level, the cell level, the organelle level, and the molecular level. Theoretical approaches motivated by physics combined with quantitative experimental approaches provide an ideal framework to understand how these different levels of complexity are intertwined.
Two recent discoveries highlighted such integration.
(1) The observation that profiles of the morphogen Dpp scale during growth, which implies that the rate of Dpp degradation mediated by the endocytic pathway of each of the cells in the tissue depends on the size of the overall tissue. This suggests that two levels of complexity are linked because cellular trafficking receives cues about the global tissue size. (2) As a result of the changes of the degradation rate that leads to gradient scaling, cells receive an increasing level of signaling. This, in turn, can be used by the cells to decide when to divide. This regulation again involves two levels of complexity because regulation at the endocytic pathway determines the growth properties of the tissue and, ultimately, its final size.
In the following, we discuss quantitative approaches to study cellular signaling processes on different scales. Here, the aim is to understand how patterns on large scales can emerge during development from molecular processes and signaling pathways that involve endocytosis and cellular trafficking. We begin by describing trafficking of ligands in the endocytic pathway. We then consider the situation of a morphogen ligand and its impact in gradient formation. Subsequently, we discuss how gradient scaling might be realized. Finally, we discuss how such scaling processes play an important role in the regulation of morphogenetic growth.
CELLULAR TRAFFICKING
Endocytosis leads to the import of cargo molecules, which are then distributed into a series of endosomes with characteristic morphological and biochemical properties (Fig. 1A) (Mellman 1996; van der Goot and Gruenberg 2006; see also Klumperman and Raposo 2014; Mayor et al. 2014) . These endosomes form a dynamical network in the cell in which cargo is exchanged and redistributed by fusion and fission events. After endocytosis, cargo enters early endosomes with distinct membrane properties organized by the small GTPase Rab5 (Zerial and McBride 2001; Rink et al. 2005; Wandinger-Ness and Zerial 2014) . Cargo can then be recycled to the plasma membrane via recycling endosomes or degraded by conversion of early endosomes to late endosomes characterized by Rab7 (Dunn et al. 1989; Rink et al. 2005) .
Traditionally, the kinetics of signaling systems in a cell is characterized by the temporal changes of the average cellular levels of activated signaling molecules regardless of their location. However, such signals are processed and stored in intracellular vesicular networks that consist of different types of endosomes and affect the signals in distinct manners (Di Fiore and von Zastrow 2014) . To understand the dynamics of cellular signaling processes, the discrete nature of the endosomal network needs to be taken into account.
Recently, we have developed a quantitative approach to understand how the kinetics of the overall endosomal network emerges from the interactions of individual endosomes (Foret et al. 2012) . Fluorescently labeled Rab5 expressed at endogenous levels was used as a marker to monitor early endosomes. Cells were exposed to a solution containing fluorescently . Cargo then enters the early endosomes characterized by the small GTPase Rab5. Rab5 early endosomes convert into late endosomes by exchanging Rab5 by Rab7. Rab7 late endosomes fuse with lysosomes to degrade cargo. Cargo from the Rab5 early endosomes can also traffic subsequently into the recycling endosome characterized by Rab11 from where cargo can be recycled by being targeted back to the plasma membrane. (B) Dynamic events shaping the early endosome network. After internalization, endocytic vesicles can fuse with early endosomes, thereby bringing cargo into the endosomal network. Rab5 endosomes can receive more cargo by homotypic fusion with other endosomes. They can lose cargo by homotypic fission. Cargo can leave the early endosome network by heterotypic fission of or conversion of early to late endosomes.
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Cite this article as Cold Spring Harb Perspect Biol 2014;6:a016881 labeled low-density lipoprotein, a cargo that, upon internalization, enters the endosomal network. We then used high resolution automated imaging analysis to track and generate large data sets of the dynamic behavior of rab5-and cargo-containing endosomes. This permitted us to measure the distribution n(s) of cargo amounts in early endosomes. Here, n(s)Ds is the number of endosomes carrying a cargo amount between s and s þ Ds determined by the fluorescence intensity of labeled cargo (Fig.  1A,B) . This quantitative study of endosome network dynamics was based on a theoretical approach that allowed us to derive a dynamic equation for cargo distributions in endosomes. It could be shown that key features of the shape and the time dependence of this cargo distribution function could be explained by the four basic processes by which endosomes exchange cargo, namely, cargo influx into the endosomal network, homotypic endosome fusion, endosome fission, and early endosome conversion to late endosomes (Fig. 1B) .
This theory describes how cargo gets distributed over time in a large number of endosomes. If the cargo source was present over long times, the distribution reaches a steady state in which the cargo distribution has a characteristic shape. This steady-state distribution shows power-law behaviors. This implies that the cargo amounts in single endosomes can vary over wide ranges within the same endosomal network. This is a consequence of redistribution of cargo by homotypic endosome fusion. Quantification of the cargo distribution provides information about kinetic parameters of endosomes such as cargo influx, endosome fusion rate, and endosome lifetime. The steady state reveals only ratios of these parameters. Quantification of the full-time course of the cargo distribution in cells shows that this time dependence is captured quantitatively by the theory. From this analysis, we estimated at steady state that the average time between two fusion events was 3 min. Endosome lifetime was 11 min.
Furthermore, this approach could be used to study how perturbations of the system influence endosome kinetic parameters and give rise to altered cargo dynamics and distributions in the endosomal network. In perturbation experiments, the Rab5 effector and endosomal-tethering factor EEA-1 was depleted using RNA interference. EEA-1 localizes to the membrane of early endosomes and acts as a tethering factor, a precondition for endosome fusion (Christoforidis et al. 1999; Gautreau et al. 2014) . Quantification of cargo distributions in cells with fluorescently labeled Rab5 revealed significant changes of cargo distributions as compared with control experiments, which can be explained by altered values of kinetic parameters. Analyzing the data using the theory to estimate endosome kinetic parameters revealed that knockdown of EEA1 led to a reduction of cargo influx and rate of endosome fusion. This result is consistent with the known role for EEA1 in fusion of endocytic vesicles with early endosomes (Horiuchi et al. 1997 ) and homotypic fusion of endosomes (Simonsen et al. 1998 ). Therefore, it shows that out of the many trafficking steps that could be altered in principle (Fig. 1A,B) , the theory allows determining those that are altered on the functional perturbations (either genetics or pharmacological) by analyzing the dynamic cargo distributions in endosomes.
Together, these data suggest that endosome dynamics (fission, fusion, and maturation) determine their ability to sort and concentrate cargo molecules; when the cargo is a morphogen, these processes help to establish its concentration and signaling activities within individual cells.
MORPHOGEN GRADIENTS ON THE TISSUE LEVEL
In developing tissues, cells in a discrete region of the primordium secrete morphogens, which can stimulate a signal transduction cascade in distant cells by binding to specific receptors on the cell surface ( Fig. 2A ,B) (Turing 1952; Wolpert 1969) . Morphogen molecules are released from a localized source ( and transported in the cell by endosomal networks (Gonzalez-Gaitan 2003) . After entering the cell, receptor-ligand complexes are targeted to early endosomes. When such endosomes convert to late endosomes, the ligands will be targeted for degradation (Fig. 2C, k deg ) . Alternatively, receptor-ligand complexes can be recycled to the cell surface from where the ligands may be liberated and move to a different cell (Fig. 2C , k ext ) (Entchev et al. 2000) . Release of the ligand from the receptor could also happen in the recycling endosomes in a pH-dependent process.
Thus, morphogen transport is influenced by receptor binding, the dynamics of receptor-ligand complexes on the cell surface, and receptor and ligand trafficking in endosomal networks ( Fig. 2C ) (Affolter and Basler 2007) . Recycling of morphogens to the cell surface can play an important role for their transport as it provides a means for long-range transport from cell to cell in the tissue via endocytosis and recycling, a process called transcytosis (Entchev et al. 2000) . The balance between diffusion, degradation, and recycling can generate a graded concentration profile in the target field, termed An important question is to understand how the transport behavior of ligands on the tissue scale depends on the kinetics of cellular trafficking processes. This has been studied by using endocytic mutants such as conditional alleles (thermosensitive mutants) or mosaic situations in combination with quantitative studies (Kruse et al. 2004 ). Theoretical approaches can be then be applied to study how transport properties in a collection of cells emerge from processes at the cell scale.
Starting with the kinetics of elementary trafficking events, we can systematically derive dynamic equations describing morphogen transport in a tissue over distances of many cells ). Such transport equations on the tissue scale involve the unbiased spreading of molecules in the tissue, which can be characterized by an effective diffusion coefficient D. Effective diffusion can occur in the case of transcytosis even if, microscopically, ligand molecules do not efficiently diffuse in the space between cells. This implies that internalization of receptor-ligand complexes and subsequent recycling to the cell surface together with ligands transiting across the narrow gap between adhering cells provides a means of diffusive transport. The effective diffusion coefficient D can therefore, in general, be quite different from molecular diffusion coefficients and significantly affected by receptor binding and receptor trafficking in the cell. In particular, transcytosis allows for long-range transport in a tissue if extracellular diffusion is inefficient.
A second important rate is the effective degradation rate k. Degradation can happen in the extracellular space or by the degradation of molecules in the cell. Typically, degradation occurs after the early endosomes carrying the ligands convert into late endosomes. Finally, an important kinetic parameter is the source strength v, which is defined as the number of molecules secreted by a source cell per cellular area and unit time. The effective diffusion coefficient and the effective degradation rate can be expressed in terms of cellular trafficking rates, receptor binding and internalization rates, and rates of extracellular diffusion .
Based on these concepts, the ligand profiles in a tissue can then be captured by a sourcediffusion-degradation equation (Bollenbach et al. 2005 ). In the case of position-independent diffusion coefficient and degradation rate, steady-state profiles show an exponential decay as
, in which C(x) is the morphogen (area) concentration at a distance x from the source (Fig. 2D) . The decay length (l) of the profile depends on the diffusion coefficient (D) and the degradation rate (k) as
. Furthermore, the amplitude of the profile (C 0 ) depends on the morphogen pro duction rate (n) and the width of the source of production (w) according to C 0 ¼ (n/2k)(1 2 e 2w/l ). Note, again, that the effective diffusion coefficient D and the effective degradation rate k are tissue level parameters that themselves depend on cellular parameters, such as the kinetics of cellular trafficking of receptors and ligands as mentioned above.
The transport coefficients of ligands in a tissue can be determined using fluorescence recovery after photobleaching (FRAP) assays. In such experiments, green fluorescent protein (GFP)-labeled ligands are bleached and the recovery of fluorescence is detected. By fitting theoretical recovery curves to experimental data, the effective diffusion coefficient, effective degradation rate, mobile fraction, as well as the source strength have been determined. This approach led to the estimates for the diffusion coefficient of D ¼ 0.1 mm 2 /sec, and a degradation rate k ¼ 2.5 Â 10 24 sec
21
, corresponding to a half-life of Dpp molecules of 45 min. The production rate in the source cells was estimated as n ¼ 3 molecules per cell per second. Using temperature-sensitive mutants of dynamin, which suppress endocytosis, it was shown that the effective diffusion coefficient of Dpp in the wing imaginal disk of Drosophila significantly depends on endocytosis (Kicheva et al. 2007 ).
This suggested that Dpp is transported in a process involving transcytosis. In contrast, in the case of wingless (Wg), another ligand that is distributed as a graded profile (it is, however, not a bona fide morphogen), such an effect could not be seen, indicating that Wg is transported extracellularly (Kicheva et al. 2007 ).
More recently, fluorescence correlation spectroscopy (FCS) has been used to estimate the diffusion coefficient of morphogens (Yu et al. 2009 ). It should be noted, however, that FCS probes molecular movements at short timescales and within the illumination volume with a diameter of about 200-500 nm (Kicheva et al. 2012) . Therefore, FCS does not provide estimates of effective diffusion coefficients of ligands in a tissue over larger scales, but characterizes diffusion on subcellular scales (see Kicheva et al. 2012) . Also, it may be difficult to estimate the diffusion coefficient in the extracellular space using FCS. The extracellular space can be as small as 10-20 nm, whereas the illumination volume for FCS extends into the adjacent cells (Kicheva et al. 2012) . Therefore, characterization of morphogen diffusion by FCS at the local scale of 200 -500 nm can indeed provide interesting information. However, it does not capture, by itself, the spreading kinetics at the tissue scale. Indeed the values of the diffusion coefficient obtained by FCS, if applied at the tissue scale, generate a conundrum when comparing with the measured receptor binding rates and kinetic rates of endocytosis.
Indeed, based on FCS experiments, it has been suggested that 60% of the extracellular Dpp molecules move with a diffusion coefficient D ¼ 20 mm 2 /sec (Zhou et al. 2012 ). If such fast diffusion were relevant on the tissue scale, it would make implausible a scenario of transport of morphogen by intracellular trafficking and recycling (in the scale of many minutes), and instead would suggest transport by rapid extracellular diffusion. Because the observed gradient-decay length is 20 mm, this value of the diffusion coefficient would imply a fast receptor-binding kinetics (capture) with a characteristic time of 15 sec at the end of development when these measurements were made. Because gradients scale with the size of the tissue (which is mediated by the turnover rate of Dpp; see below Wartlick et al. 2011b) , early in development these binding rates should be two orders of magnitude larger (as compared with late stages), corresponding to binding times of 0.15 sec. Such rapid binding is, however, unrealistic for receptor-ligand complexes. It would also imply that only a very small fraction of Dpp molecules could diffuse freely. Indeed, comparing this time scale of binding with the time scale of internalization ( 189 sec) (Taylor et al. 2011) , this implies that only at most 8% (i.e., 15/189; or, in early discs, 0.08%, corresponding to 0.15/189) of the Dpp molecules outside the cell would be freely diffusing instead of 60% as reported (Zhou et al. 2012) .
This conundrum could arise from the fact that the diffusion coefficient determined by FCS is a microscopic diffusion coefficient and not the effective diffusion coefficient that characterizes transport at the tissue scale; although the microscopic diffusion of Dpp could be fast, rapid capture of Dpp by receptors would hamper its spreading in the tissue. Long-range transport of the morphogen in the tissue could be facilitated by internalization, intracellular trafficking, and recycling of the ligand.
It has also been suggested that Dpp spreads by restricted extracellular diffusion (Belenkaya et al. 2004 ). Restricted diffusion means that the molecule spreads in a narrow extracellular space where it may bind to extracellular matrix proteins such as heparan sulfate proteoglycans and other glypican family members. As a consequence, the effective diffusion coefficient may be much smaller than the one estimated from free diffusion in a solvent. Two effects may be important here. (1) The extracellular space between cells may provide narrow channels forcing molecules on complex and extended trajectories (Rusakov and Kullmann 1998) , thereby reducing the effective diffusion coefficient. (2) Binding to glypicans on the cell surface could hamper diffusion. Restricted diffusion might account for the small values of diffusion coefficients observed by FRAP experiments, but would not be expected to lead to a dependence of the diffusion coefficient on dynamin activity as observed (Kicheva et al. 2007 ).
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SCALING OF MORPHOGEN GRADIENTS BY ENDOCYTIC PATHWAYS
Regardless of the actual mechanism of morphogen spreading and gradient formation, the spatial profile of the morphogen in the developing tissue depends on three key parameters described above: (1) its rate of production at the source, which depends on transcription, translation, and secretion; (2) its mobility in the tissue characterized by the effective diffusion coefficient; and (3) its rate of turnover (degradation). Ultimately, these three properties characterized by the parameters D, k, n are dominated mainly by the trafficking behavior of the morphogen in the secretory and endocytic pathways. Before their differentiation, cells in a growing, developing epithelium have similar properties at different positions and belong to a particular, single-cell type. Therefore, in principle, their trafficking properties would also be approximately homogeneous in space and, a priori, no changes in the properties of the morphogen gradient are expected as the tissue grows. If cellular properties do not change during tissue growth, the decay length, which depends on the effective diffusion coefficient and the degradation rate, would be constant in time and the gradient amplitude would undergo only minor changes due, for example, to a change in the width (w) of the source of morphogen production.
It has, however, been long known that morphological patterns, which are processes that are guided by morphogen gradients, can scale proportionally to the size of tissues. In a classical experiment, Spemann and Mangold (1924) showed that on cutting a frog embryo in half, one of the halves developed into an animal with half the size, but normal morphological proportions. Ever since, morphogen gradient scaling has been shown directly or indirectly in a number of instances (Teleman and Cohen 2000; BenZvi et al. 2008; Wartlick et al. 2011b ). In particular, in the fly, it was shown that the decay lengths of the Dpp gradients in the imaginal discs that will give rise to the wing and the haltere (another appendage in the fly) are proportional to the growing length of these tissues during their growth phase (Fig. 3A) (Wartlick et al. 2011b ). This implies that as the tissue grows the profile of the morphogen gradients would collapse into a single curve if the gradients are normalized to tissue size (x/L) and maximal concentration (C cell /C 0 ) (Fig. 3B) . The expansion of the decay length of the gradient is not due to the fact that Dpp molecules are long lived and carried away from the source as the cells divide, a phenomenon termed "advection." Advection could, in principle, "stretch" the gradient during growth, whereas the ligand concentration would drop as levels get diluted by growth. Because the half-life of Dpp is more than an order of magnitude shorter than the duration of the cell cycle (Wartlick et al. 2011b) , stretching by advection is negligible for the Dpp gradient. Also, the fact that the gradient amplitude increases during growth (Fig.  3A,C) suggests that dilution effects are not important. These observations imply that the gradient shape adjusts quickly to the growing tissue, and Dpp molecules are degraded before they can be transported away by tissue growth (i.e., advection of morphogen molecules by tissue growth is negligible).
What then causes the increase in the decay length and thereby the expansion of the gradient? In steady state, the decay length of the Dpp gradient depends on the diffusion coefficient and the degradation rate as l ¼ ffiffiffiffiffiffiffiffi D=k p . The expansion of the decay length should therefore be due to either an increase in its diffusion coefficient or a decrease of the degradation rate. In spite of the fact that imaginal disc cells are undifferentiated and look unchanged during the growth of the tissue, either their ability to degrade Dpp or efficiency to spread it from cell to cell must change to account for a change in the decay length. By means of FRAP assays, in which the kinetics of recovery of the GFP-Dpp fluorescence in bleached territories is measured to determine D, k, and n, it was found that the changes in the diffusion coefficient and the production rate were not very large. In contrast, the changes in the degradation rate were very large during the growth phase and they could indeed account for the scaling of the decay length of the Dpp gradient (Fig. 3D) (Wartlick et al. 2011b) .
What controls, then, the degradation rate of Dpp? Dpp is internalized into cells by endocytosis dependent on the GTPase dynamin, which controls the fission of endocytic pits at the plasma membrane (Entchev et al. 2000; Kruse et al. 2004; Kicheva et al. 2007 ; see also Johannes et al. 2014; Merrifield and Kaksonen 2014) . Downstream, Dpp traffics through the endosomal system, including the Rab5 early endosome and the Rab11 recycling endosome (see Wandinger-Ness and Zerial 2014) . Dpp also traffics into the Rab7 late endosomes where it is degraded (Entchev Gonzalez-Gaitan, unpubl.) . This implies that Dpp degradation involves the endocytic pathway. Furthermore, mosaic analysis and FRAPexperiments using thermosensitive dynamin mutants showed that traffic through the endocytic pathway is essential for Dpp spreading; the rates of endocytosis determine both the effective diffusion coefficient and degradation rates of Dpp (Kicheva et al. 2007 ). The fact that Dpp degradation is mediated by its endocytosis impliesthat scaling of the Dpp gradient is mediated by the size-dependent regulation of the lysosomal degradation of Dpp (Fig. 3E) . This poses the question: "How could the endosomal system in single cells within the growing organ detect the size of the whole tissue to adjust the degradation rate?" Recently, a theoretical mechanism to mediate the scaling of morphogen gradients with the growing size of developing tissues was proposed (Ben-Zvi and Barkai 2010; Ben-Zvi et al. 2011): the expansion -repression mechanism. The model postulates the existence of a molecule, called expander, with four fundamental properties: (1) the expander reduces the degradation rate of the morphogen, (2) it is a secreted factor, (3) it has a high diffusion coefficient and low degradation rate (it does not make a spatial gradient when secreted from a local source), and (4) its transcription in the tissue is repressed by the morphogen, therefore, it is only expressed at the edge of the disk in which the morphogen level is low.
These four properties of the expander could allow it to mediate morphogen gradient expansion in proportion with the size of the tissue (for a further discussion of this, see Wartlick et al. 2011a) . Indeed, in a small piece of tissue, a wide morphogen gradient would repress expression of the expander. Tissue growth would generate cells at the edge of the organ to be far from the source of the gradient and therefore, because of a low morphogen concentration, to escape morphogen repression of the expander. Expression of the expander from the edge and rapid spreading in the tissue would reduce the degradation of the morphogen, thereby causing an increase in the decay length and expansion of the morphogen gradient until high levels of the morphogen at the edge would again repress expression of the expander. By means of a feedback loop, the gradient remains as large as the tissue in which it is deployed.
A secreted molecule, Pentagone, has been implicated in Dpp gradient scaling (Vuilleumier et al. 2010; Ben-Zvi et al. 2011; Hamaratoglu et al. 2011) . In Pentagone mutants, the decay length of the signaling gradient of Dpp fails to scale; it remains constant during the growth phase of the wing imaginal disc (Vuilleumier et al. 2010; Ben-Zvi et al. 2011; Hamaratoglu et al. 2011 ). Interestingly, Pentagone was shown to be repressed by Dpp signaling, secreted, and spread from its source of production (Vuilleumier et al. 2010) . Furthermore, Pentagone antagonizes Dpp degradation; the turnover rate of Dpp is decreased in Pentagone mutants. In addition, Pentagone binds Dally, a heparin sulfate proteoglycan (HSPG) that itself binds Dpp and has been proposed to control Dpp turnover. This feature is reminiscent of the characteristics of the expander as proposed in the expansion -repression mechanism, but the exact role of Pentagone in gradient scaling is still unclear. Also not known is the molecular/cell biological basis by which Pentagone, possibly through HSPG molecules, could control the trafficking of Dpp to adjust its degradation rate.
Another mechanism for scaling that has been proposed is expander dilution (Wartlick et al. 2011a,b) . Scaling of the gradient by reducing the degradation rate implies that the half-life of Dpp doubles during each cell generation as the tissue grows; the half-life of Dpp in mother cells is half that of the daughter cells after mitosis. This is consistent with a scenario in which an expander that now promotes the degradation of Dpp is a long-lived molecule that diffuses rapidly in the tissue and is diluted by cell growth. However, Pentagone does have an antagonistic effect on the degradation rate and, therefore, has properties that differ from those of the expander in an expander dilution-scaling mechanism.
In summary, gradient scaling requires a fine-tuning of the lysosomal degradation of Dpp in proliferating cells, in which the endocytic trafficking properties of the ligand are changed to adjust to the size of the growing tissue. A key secreted molecule, Pentagone is implicated in the regulation of lysosomal degradation of Dpp to achieve scaling. Although the expansion -repression mechanism is an attractive proposal to explain scaling, it is still unclear whether Pentagone operates according to this scenario or whether other scenarios have to be considered. It is also not clear what the molecular cell biology of Pentagone-mediated control of Dpp degradation is.
In any case, scaling of the decay length can play an important role in achieving the proportioned patterning of morphological features according to the final size of the tissue. A simple rescaling of morphogen gradients occurs in situations in which the amplitude C 0 is unaffected when the decay length l is scaled with the length of the tissue (l/L ¼ constant, in which L is the width of the tissue). However, a decrease of Dpp degradation rate would cause, in principle, an increase on the amplitude because C 0 also depends on degradation by C 0 ¼ (n/2k)(1 2 e 2w/l ).
MORPHOGENETIC GROWTH CONTROL AT THE ENDOCYTIC PATHWAY
By considering the changes of the amplitude of a morphogen gradient as the tissue increases in size, a novel mechanism of growth control by morphogens was uncovered. Morphogen gradients endow cells with positional information necessary for patterning morphological structures in developing tissues (reviewed in Affolter and Basler 2007) . But morphogens are also known to control growth; in Dpp mutants, the imaginal discs do not grow (hence its name, Decapentaplegic, the 15-disc-derived appendages do not grow) and ectopic expression of Dpp in a patch of cells within the developing wing leads to the growth of a winglet around the expressing cells (Zecca et al. 1996) . The conundrum in the field was that Dpp, which controls growth, is distributed as a spatial gradient in the tissue, but the growth rates are homogenous; all cells divide with the same average cell-cycle duration, regardless of the concentration of Dpp that they perceive in the gradient. How can a gradient of Dpp regulate homogeneous growth?
Several models were proposed to resolve this conundrum. One suggestion is that it is not the absolute amount of the morphogen, but its gradient (reflecting the differences between adjacent cells) that controls growth. In other proposed scenarios, heterogeneous mechanical stresses in the periphery of the gradient could promote growth and a compensating Dpp signal, which is maximal at the source of production in the center, would balance inhomogeneous effects of stress to generate homogenous growth (reviewed in Wartlick et al. 2011a ). In a model proposed recently, it is the change in Dpp signaling over time that controls growth (Wartlick et al. 2011a,b) .
Quantification of Dpp gradients in the wing imaginal disc reveals not only that that the Dpp profile scales but also that the gradient amplitude increases with the size of the growing tissue according to a power law:
, in which C 0 (t) is the gradient amplitude and A(t) the area of the growing tissue at a particular time t during development ( Fig. 3C ; with b ¼ a/ln2). The exponent b ¼ a/ln2 is constant with a ¼ 0.4. (Wartlick et al. 2011b ). This observation led to the proposal that the increase in the amplitude of the gradient, which results from the lysosomal degradation-dependent scaling of the gradient, underlies the mechanism by which tissue controls its growth until it attains its final size (Wartlick et al. 2011a,b) .
The control of lysosomal degradation of Dpp described above mediates gradient scaling, and scaling of the gradient in the growing tissue implies that if the cellular concentration of Dpp is normalized to the gradient amplitude (C cell / C 0 ) and the cell position considered relative to the length of the tissue (x cell /L), then all spatial gradient profiles collapse in a single curve (Fig.  3A,B) . Furthermore, homogeneous growth in the tissue implies that the relative position of cells remains constant as the tissue grows, i.e., x cell /L ¼ constant. Therefore, the concepts of both scaling and gradient collapse mean that for each cell in the tissue, C cell /C 0 is constant over time. Thus, the increase in concentration of Dpp in each cell is proportional to the increase of the amplitude of the gradient (Fig. 3C) , which increases because of gradient scaling.
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Cite this article as Cold Spring Harb Perspect Biol 2014;6:a016881 Gradient scaling implies that C 0 increases. Indeed, such an increase was experimentally observed and could be described as a power law (C 0 (t) A(t) a/ln2 ) as discussed above (Fig. 3C) (Wartlick et al. 2011b ). This power law was found when considering the gradient of the ligand, but was also observed when a signaling readout of the morphogen was considered. For the signaling gradient C 0 (t) A(t) a/ln2 with a ≃ 50%. What this means is that the size of the tissue doubles (i.e., cells divide) whenever Dpp signaling increases by 50%. This quantitative relationship was conserved and found also in other imaginal discs, as well as in mutants of growth and signaling (Wartlick et al. 2011b ). This also holds when the rate at which the increase of 50% is attained is exogenously manipulated by Dpp-signaling driven by applying a drug (Wartlick et al. 2011b) , suggesting a causal relationship rather than a mere correlation. Based on these observations, a mechanism of growth control was proposed by which cells undergo mitosis when they detect an increase by 50% in Dpp signaling from the beginning of the cell cycle. Cells divide as long as they see such increase and cells stop dividing (the tissue does not proliferate anymore) when they no longer detect such an increase. It is still unclear how cells compute, beyond the absolute levels of signaling, the relative temporal increases in signaling levels to realize the growth rule with the characteristic relative increase a. In other signaling systems, including chemotaxis in bacteria, sperm, and Caenorhabditis elegans (Barkai and Leibler 1997; Alon et al. 1999; Bargmann 2006; Friedrich and Jülicher 2007) , it was shown that adaptive signaling can naturally lead to a detection of relative rates of change. Thus, growth control by temporal changes of Dpp could be naturally implemented by a Dpp signaling system that adapts to incoming stimuli (Wartlick et al. 2011a) .
Therefore, control of degradation at the endocytic pathway mediates gradient scaling, which in turn leads to the increase of the amplitude of the gradient. Because of this expansion of the gradient, cells see an increase in Dpp signaling as the tissue grows. The perception of the temporal increase of signaling is, in turn, used by cells to decide when to divide and when to stop dividing. Specifically, these arguments suggest that the relative rate of increase _ C=C of the Dpp levels stimulates growth proportionally. Therefore, ultimately, it is the fine tissue-sizedependent control of endosomal dynamics that mediates the regulation of tissue proliferation and control of the final size (and shape?) of a developing organ.
CONCLUDING REMARKS AND FUTURE PERSPECTIVES
In the future, the quantitative analysis of endosomal network dynamics could be used to investigate the dynamics of cellular signaling pathways and the role of endosomal network dynamics for signaling. Receptors in the cell membrane that bind specific ligands are often internalized by endocytosis in small vesicles that subsequently fuse with endosomes. Thus, the signaling process depends on endosomal trafficking. Because of the role of endosomes as carriers of receptors that trigger a signaling cascade in the cell, signaling activity could influence endosomal kinetic parameters. Similarly, endosomal dynamics might influence the kinetics of signaling. Such coupling could be part of the dynamics of signaling pathways and would provide mechanisms for signaling pathways to regulate diverse cellular processes.
The theoretical analysis of the endocytic pathway and the formation and interpretation of morphogen gradients during patterning and growth has allowed the field to link different levels of complexity: trafficking of morphogens within the cell, their transport between cells, the formation of a gradient at the tissue level, and growth at the organ level. Theory shed light on what needs to be measured and this, in turn, has given the field an impulse to measure a quantitative dimension. Now we need to refine our theories, but also to refine our quantitative methods to measure the key parameters (e.g., growth, diffusion, turnover, binding/unbinding kinetics) more precisely. The system is not cracked, but (perhaps) the field has now the right approaches.
